The Groupe Européen de Recherches Gazières (GERG) 2008 multi-parameter equation of state (EOS) is considered the reference model for the prediction of natural gas mixture properties. However, the limited quality of thermodynamic property data available for many key binary mixtures at the time of its development constrained both its range of validity and achievable uncertainty. The data situation for the binary system (CH 4 + C 4 H 10 ) in particular was identified previously as limiting the ability of the GERG-EOS to describe rich natural gases at low temperatures. Recently, new vapour-liquid equilibrium (VLE) and liquid mixture heat capacity data measured at low temperatures and high pressures have been published that significantly improve the data situation for this crucial binary, allowing erroneous literature data to be identified and the predictive behaviour of the GERG-EOS when extrapolated to be tested. The 10 basis functions in the generalised departure function used by the GERG-EOS for several binaries including (CH 4 + C 4 H 10 ) were examined to eliminate the term causing a divergence between measured and predicted liquid mixture isobaric heat capacities at T < 150 K. With a simplified nine-term departure function, the maximum relative deviation between the measured and predicted heat capacities was reduced from nearly (110 to 7) %. The interaction parameters in the GERG equation were also redetermined by including, for the first time for this binary, reliable low temperature VLE data together with most of the other high temperature data used in the original development of the model. The new interaction parameters for (CH 4 + C 4 H 10 ) reduced the relative deviation of bubble point pressures measured and calculated at T = 244 K from (9 to 1.4) %, without affecting the accuracy of property predictions at higher temperatures.
Introduction
Accurate equations of state (EOS) for natural gas mixtures are essential in process engineering to help reduce over-design and allow more effective optimisation of gas pipeline networks and processing equipment. The GERG-2008 wide-range EOS is based on accurate experimental thermodynamic property data for 21 components of natural gas (alkane hydrocarbons methane through decane, isobutane, isopentane, hydrogen, helium, nitrogen, oxygen, argon, water, carbon monoxide, carbon dioxide and hydrogen sulfide) and their binary mixtures, and is valid for describing mixtures of these components over the range T = (60 to 700) K and up to 70 MPa [1] . However, while it has been adopted as the ISO Standard for calculating the equilibrium properties of natural gases [1] , there is considerable scope for improving the GERG-2008 EOS. Many of these opportunities for development require new experimental data: for example, only seven of the 210 combinations of binary fluids in the natural gas model have experimental data of sufficient quantity and quality to justify the most accurate level of representation possible in the GERG-2008 EOS [1] . In particular, Kunz and Wagner [1] stated that the paucity of quality vapour-liquid equilibrium data available limited the accuracy achievable in the development of the GERG-EOS, and specifically identified a need for low temperature VLE data in mixtures of (CH 4 + C 4 H 10 ) to improve the description of rich natural gases at conditions of significant industrial importance.
The (methane + butane) binary is an important mixture where large deviations between the GERG-2008 EOS predictions and accurate experimental measurements are known to occur. (In this work, x 1 denotes the mole fraction of methane and the term ''butane" refers to the isomer often called normal butane). + butane at low temperatures from several sources [2] [3] [4] [5] were found to be mutually inconsistent so only VLE data at T > 278 K from Sage et al. [6] and Wiese et al. [7] were used in the optimisation [8] . The complete omission of the low-temperature data from the fitting process means both the data of Elliot et al. [3] -which generally appear to be of high quality [9] -and the accurate VLE measurements made recently by May et al. between T = (203 and 273) K [10] are systematically over-predicted by the GERG-2008 EOS (figure 1a). The low-temperature isobaric heat capacity data of Syed et al. [11] are also poorly predicted by the GERG-2008 EOS (figure 1b), although such predictions represent a significant extrapolation of beyond the normal range of validity [1] specified for the model, given that the mixture was very rich in butane (0.4 mole fraction) and the measurements were conducted at temperatures below 150 K. Furthermore, no caloric properties for (methane + butane) were available when the GERG-2008 EOS was developed [1] . The motivation for the present work was to understand the cause of these deviations, and if possible improve the correlation and prediction of thermodynamic properties including VLE for the (methane + butane) binary in the framework of the GERG-2008 EOS.
Theoretical background
The GERG-2008 EOS is based on a multi-fluid approximation [1] . The dimensionless Helmholtz energy, a = a/(RT), is related to mixture variables density q, reduced density d = q/q r , temperature T, inverse reduced temperature s = T r /T, and the molar composition vector x by aðd; s; xÞ ¼ a o ðq; T; xÞ þ a r ðd; s; xÞ:
The reduced density and inverse reduced temperature depend on q r and T r , the so-called 'composition-dependent reducing functions' for the density and temperature of the mixture, which depend in turn on the molar composition of the mixture,
i.e. q r = q r (x) and T r = T r (x 
The parameters q c,i and T c,i are, respectively, the critical density and critical temperature of pure fluid i [1, Other parameter-free combining rules are possible and utilised within the framework of the GERG-2008 EOS. For certain binary mixtures involving a heavy hydrocarbon (C 4+ ) with either another hydrocarbon, carbon monoxide or hydrogen, 'linear' combining rules are used [1] , which are implemented by substituting the following expressions
into equations (6) and (7), with the corresponding b parameters set to unity. Thus, varying degrees of complexity are used for modelling binary mixtures in the GERG-2008 EOS as determined by the number and quality of the available data. In those cases where the mixture data are sufficient, departure functions are used to improve upon the description provided through the compositiondependent reducing functions. Adjusting the binary interaction parameters in the latter also modifies values calculated with the departure function through its dependence on d and s.
The overall departure function for a mixture is the sum of the binary departure functions from the constituents taken pairwise, i.e. for well-measured binary fluids and 'generalised' departure functions for certain classes of similarly-behaved binary fluids. For those binary mixtures having a binary-specific departure function, the parameter F ij is set to unity while for binary mixtures covered by the generalised departure function F ij is treated as an adjustable parameter. However, in the case of the (methane + butane) system, which is the archetype for the generalised departure function, the value of F ij is set to unity. For all other binary mixtures, where the availability of reliable property data is insufficient to justify the inclusion of a departure function to improve upon the predictions achieved with the reducing functions in equations (6) and (7) ]). Binary-specific departure functions were only able to be developed for the seven binary mixtures (methane + nitrogen), (methane + carbon dioxide), (methane + ethane), (methane + propane), (nitrogen + carbon dioxide), (nitrogen + ethane), and (methane + hydrogen) [1] because these binaries had a sufficient number of high-quality property data available at the time the equation was developed. Kunz 
where K Pol,ij is the number of 'polynomial' terms and K Exp,ij is the number of 'exponential' terms [1] . The basis functions and, hence, the values of the exponents d ij,k , t ij,k , g ij,k , e ij,k , b ij,k and c ij,k appearing in the binary-specific and generalised departure functions were determined via a structure optimisation process, while the final values of the coefficients n ij,k were obtained via nonlinear fits to multiproperty data [8] .
The properties of the (methane + butane) binary fluid were represented in the GERG-2008 EOS with optimised BIPs (table 1) and the generalised departure function with the properties of pure methane and pure butane calculated with so-called 'technical equations of state' [1] .
To fit the BIPs, experimental values for the (methane + butane) binary fluid were collected by Kunz et al. [1, 8] [15] ) as well as on the basis of comparisons between different datasets (see [8] , pg. 80). Based on these comparative analyses, of the 21 total datasets, eight sources were wholly or partially used for optimisation of the (methane + butane) BIPs [8, For p-q-T properties, the main data sources used for optimisation were Fenghour et al. [9] , Reamer et al. [16] and Ruhrgas [17] . All of these values lie between T = (270 and 511) K in the supercritical fluid region. Approximately 40 p-q-T and saturated liquid density data from Haynes [18] , Hiza et al. [19] and Pan et al. [20] in the temperature range (108 to 140) K were also used. The only other datasets included in the optimisation were the high-temperature VLE (bubble point pressure) data of Sage et al. [6] and Wiese et al. [7] . The average absolute deviations (AADs) between the model and the p-q-T datasets were less than 0.7 %, while the AADs between the model and the VLE data used in the optimisation were 2.2 % or better [8, table A2 .1]. The prediction of p-q-T values that were not included in the optimisation was generally as accurate as for those data that were included in the optimisation. However, the prediction of VLE data that were not included in the optimisation was typically much worse: the average absolute deviations for the relatively large datasets of Roberts et al. [5] , Chen et al. [2] , Elliot et al. [3] and Kahre [4] varied from (6 to 12) %.
Results and discussion

Benchmarking the optimisation algorithm
To improve upon and extend the GERG-2008 EOS description of the (methane + butane) system's thermodynamic properties in The distribution of the residuals from both models of the p-q-T data of Fenghour et al. [9] and the VLE data of Sage et al. [6] also match closely (figure 2).
These benchmarking results help establish (1) that the least-squares fitting procedure is sufficiently reliable to be used in optimisations involving additional datasets and modified departure functions, and (2) that the weightings assigned in this work to the existing datasets used by Kunz et al. [8] are likely to be sufficiently representative of those used in the original EOS development.
An improved departure function for (methane + butane)
Finding the cause of the divergence of the (extrapolated) lowtemperature heat capacity predictions made with the GERG-2008 EOS from the data of Syed et al. [11] was a key motivation of the present work. To do so, we investigated the mixture model's performance when the linear or quadratic mixing rules (equations (8)- (11)) were used for the (methane + butane) system. Although large systematic deviations compared to the (methane + butane) experimental data are incurred for most properties when these mixing rules are used (table SI3, SI4), all of the isobaric heat capacity of Syed et al. [11] are reproduced within 3.4 %. Therefore, the reference equations of state for the pure fluids can be ruled out as the cause of the divergent behaviour in the low temperature region. Accordingly, with elimination of the equations for the pure fluids as the cause, the generalised departure function remains as the likely source of the divergence. The generalised departure function is comprised of ten polynomial terms [1] , i.e. 
Its structure was determined almost completely from results obtained with values from the (methane + ethane), (methane + propane), and (methane + butane) binary systems [8, pg. 172] . The values of the coefficients and exponents appearing in equation (14) are shown in table 3.
The relation between the reduced Helmholtz energy and the isobaric heat capacity is [1, figure 3a . Although the derivatives of terms k = (2 and 3) are largest in magnitude, their contributions to the heat capacity tend to cancel each other. In fact, accumulating the contributions from terms k = (1 to 9) produces a small overall effect on the isobaric heat capacity (figure 3b).
However, the term for k = 10 is not cancelled out. Therefore, the tenth term dominates the other terms in the departure function and appears to be the major cause of the divergent behaviour of the heat capacity predictions in the cryogenic (T < 150 K) region. To verify this the isobaric heat capacities were calculated with the BIPs of Kunz et al. [8] with and without the tenth term in the generalised departure function, and the results are shown in figure 4 .
The agreement between the c p predicted when the tenth term in the departure function was omitted and the experimental data of Syed et al. [11] was significantly improved. The impact of the tenth term in the departure function grows with higher butane fractions because, at a given T, the reduced temperature of the mixture decreases and s becomes increasingly large. Omitting the tenth term yielded a more reasonable extrapolation of the heat capacity for temperatures below 150 K but has only minor effects on the prediction of other thermodynamic properties for the (methane + butane) system: differences in p-q-T calculations are less than 0.02 % and the AAD between the VLE data of Sage et al. [6] increases marginally from 2.4 % to 2.6 % (table SI5) . Overall, it seems that the generalised departure function with only nine terms improves both the correlation and the prediction of the properties of (methane + butane). Investigating the use of this improved departure function with other binary mixtures is an area of future work.
Improving the binary interaction parameters for (methane + butane)
Improving the prediction of thermodynamic properties of (methane + butane) requires new BIPs based on reliable property data measured over a wide range of conditions. Bubble point pressures are one of the properties to which the BIPs are most sensitive [8] , and therefore it is important that consistent, high-quality VLE data are used in optimisations. In the development of the GERG-2008 EOS only high-temperature VLE data from Sage et al. [6] and Wiese et al. [7] were included in the optimisation [8] . The most reliable low-temperature VLE data prior to 2007 appear to be those of Elliot et al. [3] , which are systematically overpredicted by the GERG-2008 EOS [8, table A2 .1] (except at low pressures, where the relative uncertainty in the measured pressure increased). The recent high-quality low-temperature VLE data from May et al. [10] seem to be generally consistent with the data set of Elliot et al. [3] and are similarly over-predicted by the GERG-2008 EOS. New BIPs were optimised with the use of the reference equations for pure methane [23] and butane [24] , the improved departure function (with F ij equal to unity and the tenth term omitted from the generalised departure function) and the data and weights summarised in table 4. A detailed list of the data points used in and excluded from the fit is given in Supporting Information.
The calculations of p-q-T data from both the GERG-2008 EOS [1] and the optimised model with the new BIPs are largely in accord (e.g. figure 5a ): however, the Ruhrgas [17] data at T = 290 K measured by optical interferometry deviate systematically from calculations made with the new BIPs compared to the other Ruhrgas data in the range T = (270 to 330) K (figure 5b). The stated relative uncertainty of these density values measured by optical interferometry is 0.08 % [17] , which is still comparable with the largest deviation (À0.11 %) of those data from the revised EOS. Further, we note those density values measured at T = 290 K by optical interferometry are clearly discrepant from the other values reported in reference [17] , regardless of the version of the EOS used to represent them. Figure 5b shows that the majority of the Ruhrgas data deviate from the original GERG-2008 EOS by about +0.03 %, whereas the highest pressure values on the T = 290 K isotherm deviate by around À0.02 %. With the new BIPs, the deviations all shift in a negative direction to about À0.03 % and À0.11 %, respectively. The deviations from the revised model suggest that the inconsistency of the T = 290 K optical interferometry values from the rest of the Ruhrgas data [17] may be larger than previously thought.
The data of Sage et al. [6] are represented approximately as well by both the GERG-2008 EOS [1] and the optimised model with the new BIPs (2.4 % vs. 2.5 %) ( figure 6 ). The values of Elliot et al. [3] at T = 278 K deviate systematically from the new model compared to the data of Sage et al. [6] at T = 294 K and were excluded from the current optimisation. Several other data points measured at low absolute pressures by Elliot et al. [3] were also excluded because they produced large relative deviations in the least-squares fit, which is consistent with the increased relative experimental uncertainty at those conditions. Overall, the improvements in the calculations of the VLE values are substantial. The new BIPs improve the representation of both the values of Elliot et al. [3] for which the AAD is reduced from (6.3 to 2.5) % ( figure 6 ) and the values of May et al. [10] for which the AAD is reduced from (9 to 1.4) % ( figure 7) . Similarly, the maximum deviation relative to the isobaric heat capacity data of Syed et al. [11] improved from 106 % with the GERG-2008 EOS to 7 % with the new BIPs. The extrapolations into the cryogenic region are much more robust with the new model, largely due to the improved departure function.
Conclusions
Large systematic differences occur between predictions made for the (methane + butane) binary mixture with the default GERG-2008 EOS and the mixture heat capacity data measured by Syed et al. [11] as well as the low temperature VLE values of May et al. [10] and Elliot et al. [3] . In the case of the isobaric heat capacity, the tenth term in the generalised binary departure function was found to cause the default model to diverge from experiment in the cryogenic region.
It was also shown that neglecting the tenth term from the generalised departure function corrects this problem at low temperature while having almost no effect on the calculations of high temperature data that were available during the development of the GERG-2008 EOS [8] . An avenue for future work would be to determine whether predictions of the thermodynamic properties of other binary alkane mixtures for which the generalised departure function is recommended, such as (methane + isobutene), (ethane + butane), and (ethane + isobutene), would improve by truncating the generalised departure function at nine terms.
To extend and improve upon the GERG-2008 EOS for the (methane + butane) system, the following refinements were made in this work. First, the generalised departure function was truncated from ten terms to nine terms. Second, the reference equations were used for the pure fluids instead of the compact revised equations given in the GERG-2008 publication [8] . Third, new binary interaction parameters for this binary mixture were obtained by regression to datasets that included VLE data from the wider temperature range (144 to 394) K. None of these changes had a detrimental effect on the calculated properties for other datasets compared to the default GERG-2008 EOS. Regarding the second point, the differences between various pure fluid EOS are typically much less than the uncertainty of the mixture data and the effect of using different EOS for the pure fluids is therefore usually insignificant, particularly for this binary. A revised (methane + butane) binary fluid file containing the truncated departure function, compatible with the TREND 2.0 software distribution [25] , is included as Supporting Information (SI) and can be used as a standalone replacement for the existing file in the 'BINARY_MIX_FILES' directory folder. The SI also contains a list of the data points included in, and excluded from, the fit used to determine the improved binary interaction parameters. 
